Nanopore experiments have traditionally been carried out with chloride-based solutions. Here we introduce silver/silver-glutamate-based electrochemistry as an alternative, and study the viscosity, conductivity, and nanopore translocation characteristics of potassium-, sodium-, and lithium-glutamate solutions. We show that it has a linear response at typical voltages and can be used to detect DNA translocations through a nanopore. The glutamate anion also acts as a redox-capable thickening agent, with high-viscosity solutions capable of slowing down the DNA translocation process by up to 11 times, with a corresponding 7 time reduction in signal. These results demonstrate that glutamate can replace chloride as the primary anion in nanopore resistive pulse sensing.
Introduction
Solid-state nanopores constitute an emerging biophysical technique which has been used to study DNA, 1 protein, 2 and DNAprotein complexes. [3] [4] [5] Although this area has been primarily pushed by the promise of its use for low-cost sequencing of long nucleic acid polymers, many other applications have opened up. Numerous studies have been published on methods to improve various aspects of this technique with different pore types, 6, 7 membrane materials, [8] [9] [10] [11] new salts, 12, 13 and passivation techniques. 14, 15 Although central to their operation, alternative electrochemical reactions for detecting the ionic current have not been pursued. In this study we introduce a novel electrochemical reaction based on glutamate (Glu) anions and demonstrate its potential for studying DNA translocations through solid-state nanopores. This approach provides a way to avoid the use of chloride and slow down the translocation velocity using high-viscosity solutions. Some of the previous attempts to slow down the DNA translocation process 16 have utilized thickening agents such as glycerol. 17, 18 In this study we introduce the concept of redox capable thickening agents, which simultaneously increase the solution viscosity and participate in the electrochemical ionic current readout.
We first provide a brief overview of the solid-state nanopore method. Nanopores are typically fabricated in a 20 nm thick free-standing SiN membrane by focusing an electron beam on the membrane using a transmission electron microscope (TEM). 19 This allows simultaneous in situ imaging of the pore as it is being created. Membranes with pores are subsequently placed in a flow cell such that it separates two aqueous reservoirs filled with salt solution, as shown in Fig. 1a . Chlorinated silver electrodes are placed into the solution on each side and an electric potential is applied. The resulting ionic current is measured with a low-noise amplifier. Since DNA is negatively charged, it is electrophoretically driven through the nanopore. When a DNA molecule passes through the pore it causes a transient drop in the ionic current, since the molecule reduces the pore volume normally used by ions for transport. The duration of the blockade can be related to the length of the polymer, while the amplitude of the blockade is proportional to the volume of the molecule currently in the pore constriction.
We now address the electrochemistry used for the ionic current detection. In the typical silver/silver-chloride based electrochemistry, a chlorinated silver wire is placed in a chloride-salt-based solution and an electric potential is applied. At the anode, chloride ions are oxidized into solidphase silver chloride through the reaction Ag(s) + Cl − (aq) → AgCl(s) + e − while at the cathode, silver chloride is reduced and chloride ions are released into the solution via the reaction AgCl(s) + e − → Ag(s) + Cl − (aq). The measured ionic current is linear with respect to the applied voltage at potentials below 1 V. The ease of electrode preparation, made by placing a silver wire in a bleach solution, makes this a simple and effective experimental approach. With only one exception, all nanopore publications that we are aware of use silverchloride based electrochemistry together with either alkali metal halide solutions (LiCl, 12 NaCl, 3 KCl, 14 RbCl, 20 and CsCl 21 ) or organic-salts (BMIM-Cl 13 ), with chlorine always as the halogen constituent. The only non-chloride electrochemistry nanopore study looked at ionic liquids using platinum electrodes. 22 L-Glutamic acid (Glu) plays a fundamental role in biology as one of the amino acids used in protein synthesis. In many organisms glutamate, not chloride, is the major intracellular anion. 23 Although many of its properties have been studied in detail, we are not aware of any literature on non-enzymatic glutamate-based electrochemistry. In 1974, an article by Tabei et al. 24 described a method for making printed circuits through the photolysis of silver glutamate. From this work, we know that silver glutamate is a stable, albeit photosensitive, solid-phase compound, much like silver chloride.
We hypothesized that glutamate could be used to replace the chloride in the electrochemical reactions used in the nanopore studies. Analogous to the silver chloride case, we expect similar electrochemical reactions to take place at the anode AgðsÞ þ Glu À ðaqÞ ! AgGluðsÞ þ e À ð1Þ and the cathode AgGluðsÞ þ e À ! AgðsÞ þ Glu À ðaqÞ: ð2Þ
In this way, glutamate could be used as a redox-capable thickening agent to increase the viscosity of a solution while still maintaining the required electrochemistry.
Results
We now show that glutamate solutions produce a linear current-voltage response and can be used for detecting DNA nanopore translocations. We prepared silver glutamate electrodes by electrolysis of a 99.99% silver wire (anode) and platinum wire (cathode) in a concentrated 3 M potassium glutamate solution. These electrodes were then used, following standard procedures, in solid-state nanopore experiments. Fig. 1b shows the typical current-voltage curves observed for potassium glutamate (KGlu) and sodium glutamate (NaGlu) solutions at 2 M and 3 M concentrations in 20 nm pores. We have also included a typical response observed for 1 M KCl (dashed green line) for comparison. The IV responses were observed to be linear in the tested range of −800 mV to 800 mV. Additionally, the open pore conductance was observed to be higher at 2 M compared to 3 M, in both KGlu and NaGlu, as explained below while discussing the conductivity measurements. The open pore conductance can be related to several physical characteristics of the pore and the solution using 25
where l is the membrane thickness, d is the pore diameter, and σ is the solution conductivity. Upon addition of a DNA solution to the flow cell, typical DNA translocation events could be observed in the current trace, as shown in Fig. 1c .
These results demonstrate the feasibility of using glutamatebased salts for nanopore experiments.
To understand the pore conductance, we measured the conductivity of concentrated solutions of glutamate salts. Fig. 2a shows the conductivity at 23°C as a function of concentration for KGlu, NaGlu, and LiGlu, alongside literature values 26 for KCl, NaCl, and LiCl at 25°C. The maximum concentrations tested were limited by the solubility of the salts which were found to be around 1 M for LiGlu, 3.5 M for KGlu, and 3.3 M for NaGlu. The conductivity of KGlu was observed to be significantly higher than NaGlu, with values for KGlu of 6.57 S m −1 and 5.33 S m −1 at 2 M and 3 M compared to 3.76 S m −1 and 2.69 S m −1 , respectively, for NaGlu. The conductivities of both solutions were observed to have maxima, which was around 2.0 for KGlu and 1.7 for NaGlu. This is a common phenomenon at very high electrolyte concentrations and is attributed to the small inter-ionic separations which lead to strong ion-ion interactions that begin to reduce the conductivity of solutions above a certain concentration. Since we would like to maximize the ionic current signal, larger conductivities are desired and these measurements reveal that KGlu is preferable over NaGlu. As expected, the conductivities observed for the glutamate solutions were smaller than the corresponding chloride solutions at the same concentrations.
We also investigated the viscosity of glutamate salt solutions, relevant for the translocation speed of traversing molecules. A Brookfield DV2TLVCP Wells-Brookfield cone/plate viscometer was used to measure the viscosities of KGlu, NaGlu, and LiGlu at 23°C. Viscosity is an important parameter in nanopore measurements since increasing viscosity results in a higher drag force and a longer translocation time. In Fig. 2b the viscosity of LiGlu, KGlu, and NaGlu is shown as a function of solution concentration alongside literature values for KCl, 27 NaCl, 27 and LiCl 28 at 25°C. As expected, the glutamate solutions have a significantly higher viscosity than the chloride solutions at the same concentration. We measured a viscosity of 2.8 cP and 6.6 cP for KGlu at 2 M and 3 M, and even higher viscosities of 4.1 cP and 11.3 cP, respectively, for NaGlu. The larger viscosities of the glutamate solutions compared to the chloride solutions can be explained by the much larger size of the glutamate (MW 147.13 g mol −1 ) anion compared to chloride (MW 35.45 g mol −1 ) and highlight its potential as a thickening agent.
Finally, we studied the characteristics of DNA translocation through nanopores in high concentration glutamate solutions to see how much the translocation velocity and conductance blockade were reduced. Linear 20.7 kbp DNA molecules were translocated through nanopores in 1 M, 2 M, and 3 M solutions of KGlu and NaGlu at 100 mV. Fig. 3a shows a typical heat plot showing the event's conductance blockade and translocation time in 2 M KGlu and a 20 nm pore. As expected from the viscosity measurements, events were slower in NaGlu compared to KGlu, as shown in Fig. 3b . In 2 M and 3 M KGlu, events had a 3.3× and 5.8× longer translocation time relative to 1 M KCl, while the translocation in 3 M NaGlu took 11.3× longer. The price paid for this slower translocation is a reduction in the blockade signal, as already observed in the conductivity measurements. In Fig. 3c we show the DNA conductance blockade in 1 M, 2 M, and 3 M glutamate salt solutions. We observe blockade amplitudes of 0.1, 0.35, and Fig. 2 (a) The conductivity of the glutamate solutions is lower than the equivalent chloride solutions and reaches a maximum between 1.5 M and 2 M. LiGlu could not be dissolved at concentrations above 1 M. (b) The viscosity of glutamate solutions can be significantly higher than the corresponding chloride solutions demonstrating their potential advantage as thickening agents. 0.31 nS in 1 M, 2 M, and 3 M KGlu, which are around 12.5×, 3.6×, and 4× smaller than the DNA blockade in 1 M KCl (1.25 nS) . This becomes worse for the NaGlu, with blockades of 0.22 nS and 0.18 nS, respectively. One common approach to increase the conductance blockade is to decrease the diameter of the nanopores used. Fig. 3d shows the DNA blockade for 3 M KGlu in 10, 16, and 20 nm pores. When the pore diameter is reduced from 20 nm to 10 nm we observe a 1.5× increase in the DNA blockade, to 0.47 nS. The observed trend can be fitted with a simple geometric model 25 (solid line in Fig. 3d ) based on eqn (3). These DNA translocation experiments demonstrate the viability of using glutamate-based solutions for nanopore measurements.
Conclusions
In this study we have demonstrated that glutamate-based electrochemistry can replace traditional chloride-based reactions for use in nanopore measurements. Potassium glutamate provides a higher conductivity, compared to sodium glutamate, with a maximum of 6.57 S m −1 at around 2 M concentration. The use of lithium glutamate is limited by its maximum solubility of around 1 M. DNA translocation through glutamate solutions can be slowed down by 3.3× to 11.3× relative to 1 M KCl, while the conductance blockade signal is reduced by 3.6× and 7× respectively. These numbers are similar to those of a study carried out by adding glycerol into 1.5 M KCl solutions. 17 There, a 5.3× increase in the viscosity resulted in a 4.4× increase in the translocation time and a 3.1× decrease in the blockade amplitude, relative to the values for 1.5 M KCl. In addition to slowing down DNA translocation, the use of glutamate instead of chloride may provide a better environment for gold electrodes in three terminal devices.
Methods
Free standing SiN membranes were fabricated by using transchip illumination lithography. 29 Pores were drilled with a Philips CM200-FEG TEM. Ionic currents were measured with an Axopatch 200B and digitized at 500 kHz. Signals were subsequently analysed with the Transalyzer Matlab package. 30 All solutions contained 10 mM Tris at pH 8 and 1 mM EDTA. Potassium glutamate, sodium glutamate, and L-glutamic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lithium glutamate was made by Tocris Bioscience (Bristol, UK) following a procedure similar to the one described by Wiesbrock et al. 31 Briefly high purity L-α-glutamic acid was dissolved in HPLC grade water, after which an equivalent amount of lithium hydroxide was added. The resulting clear solution was then freeze dried to yield the solid salt. The product was characterized with micro analysis, infrared spectroscopy, proton NMR, and mass spectrometry. High purity silver and platinum wires were purchased from Advent Research Materials (Oxford, UK).
